Functionalized nanopores have been used recently for the detection of specific DNA. The interactions between the DNA and the nanopore are not well understood due to the small size of DNA/nanopore and dynamic translocation process. Various chemical modifications have also been applied on nanopore surfaces for improved signal yield and selective detection. This paper develops an understanding of the interactions between translocating DNA and chemically modified nanopore surfaces. An energy-based mesoscale computational model is used to elucidate critical interrelationships between physical properties of the nanopore, electric field strength, and translocation kinetics. We report a nonlinear increase in DNA translocation speed with increasing electric field strength. The model predicts a transition in translocation from hybridization-driven to electric field-driven, in agreement with experimental data. This work advances the molecule-level understanding of the DNA-nanopore interface, and can help in designing optimized lab-on-chip devices for molecule based diagnosis. © 2009 American Institute of Physics. ͓doi:10.1063/1.3240400͔
Microfabrication technology has made possible biological/chemical analysis of various molecular samples through micro-and nanofluidic devices. The rapid stretching and sequencing of single DNA molecules in nanopores is of practical importance in genetic detection, analysis, and discovery. The dynamics of DNA in nanopores has become an important topic for biomolecular analysis. However, the interactions between DNA and nanopore are not well understood due to the small size of DNA/nanopore and dynamic translocation process. Studies on electrophoretic transport of DNA in nanochannels 1 have revealed significant contributions from DNA-channel surface interactions, which lead to a diffusion rate much lower than that predicted by traditional diffusion theory. Moreover, various chemical modifications are applied on nanopore surface for improved signal yield. [2] [3] [4] [5] Coating nanopores with organic molecules such as silanes can change the surface charges, hydrophobicity of the nanopore channels, provide chemical functionality, and make the surface biologically friendly. In particular, solid-state nanopore channels with DNA selectivity have been reported recently where the nanopore channel was coated with hairpin DNA molecules. 6 Such functionalized nanopores were shown to selectively transport short lengths of "target" single stranded DNA ͑ssDNA͒ that were complementary to the probe. Even a single base mismatch between the probe and the target resulted in longer translocation time and a significantly reduced number of translocation events. Such functionalization schemes are expected to be used for a variety of ligand-receptor combinations, and the solid-state functionalized nanopores can serve as next generation of sequencing tools.
It is thus important to characterize the interaction between DNA and chemically modified nanopores. In this paper, we develop a mesoscale model of DNA translocation through hairpin-loop ͑HPL͒ coated nanopore with DNA selectivity. Similar modeling approach can be extended to describe other types of biomolecule-functionalized nanochannel interactions.
A schematic of DNA translocation through HPLfunctionalized nanopore is illustrated in Fig. 1 . The basic idea of the translocation experiment lies in the fact that DNA molecules are highly charged. Under an applied electric field, a DNA molecule can be driven through the nanopore in a linear head-to-tail fashion. This movement, called translocation, is seen as a pulse as DNA mechanically blocks/replaces certain volume of ionic species. A perfect complementary ͑PC͒ ssDNA hybridizes with matching HPL-DNA sequena͒ Author to whom correspondence should be addressed. Electronic mail: yaling.liu@uta.edu. Tel.: ϩ1-817-272-1256. FAX: ϩ1-817-272-5010. tially, which facilitates the translocation process. Under optimal conditions in solution, the HPL-DNA has been shown to demonstrate an all-or-none selectivity down to single-base mismatch sensitivity between PC and mismatched ͑MM͒ targets. Statistical analysis of the pulses yields trends that are used to sort the DNA. The ssDNA-hairpin hybridization kinetics is modeled as a reaction process. Before hybridization occurs in the interaction region, ssDNA and hairpin have a free energy G 0 . Hybridization results in a lower energy state ͑hybridized free energy G h ͒. The free energy difference between the two states ⌬G largely influences the DNA translocation speed in functionalized nanopore. The free energy contributions ⌬G for a duplex with mismatches are welldocumented in literature. For example, a MM G • T base interaction with a 20 bases HPL ͑as the whole loop and stem form the duplex͒ under 0.1M KCI leads to ⌬G MM = 0.93 kCal/ mol. 6, 7 The positive contribution to ⌬G MM from the MM G · T pairing means, to a first order approximation, that immobilized HPL-DNA provides a repulsive potential to the MM-DNA target that tries to interact with it. For a PC-DNA under the same condition, ⌬G PC = −0.6 kCal/ mol. The negative contribution to ⌬G lowers the energy state, thus facilitates target DNA travel.
To model the sequential translocation of DNA through nanopores coated with HPL-DNA, each hairpin is modeled as an independent potential well ͑Fig. 2͒. The depth of the MM well is equal to k 0 = ⌬G MM . For a MM-DNA, the potential well is a constant. However, a perfectly matched DNA hybridizes with HPL-DNA and lowers the potential well depth by ⌬k = ⌬G MM − ⌬G PC = 1.53 kCal/ mol. 6 The hybridization process is thus modeled as a reaction process with association rate k h , with the potential well depth dropping when a PC-DNA enters interaction regions:
where x is the distance DNA travels inside a nanopore and ⌬t is the time duration that the DNA interacts with an HPL site. The coated nanopore surface is modeled as a series of functional sites with spacing . The potential above the functional sites can be written as a Fourier series, which after truncating the first two terms, yields = k͑1 − cos 2x / ͒. The electrostatic force applied on the DNA is Eq, with q being the total effective charge on the DNA. The momentum transfer from the surrounding fluids and nanopore are modeled as a friction term with friction coefficient . The equation of motion for the DNA can be written based on the HPL potentials, a friction term, an electrostatic term, and a Brownian term as:
where the last term is a Brownian term coming from the fluid and wall. Since the DNA is translocating in a narrowly confined nanopore, which is an over-damped system, Eq. ͑2͒ can be simplified as
͑3͒
Theoretically, DNA is a charged polyelectrolyte with 2e − charge per base. However, each base would have maximum 66% of its charge shielded with counter-ion condensation. 8 To match with experimental configuration, 6 we assume a 15 base ssDNA with 50% of net charge. The electric fields considered range between 50 and 300 mV, which are applied on a nanopore of 40 nm in length. The friction coefficient is estimated to be 2.7ϫ 10 −8 N s/ m. A time step of 0.005 ms is used in the simulations. The HPL density is assumed to be 10 12 / cm 2 , 9 thus Ϸ 10 nm and four HPL sites along the nanopore length are considered. To better reveal the characteristics of the translocation process, we neglect the random noise term and solve Eq. ͑3͒ numerically. The influences of hybridization time, electric field strength, and DNA matching property on DNA translocation kinetics are depicted in subsequent figures. Figure 3 shows the DNA translocation distance time history and translocation speed at different DNA hybridization rates k h under a 200 mV field. Each periodic pattern represents the DNA passage through an HPL site. The translocation speed increase as k h increases, which indicates that faster hybridization accelerates the translocation process. However, when the hybridization is fast enough, the translocation speed reaches a plateau and the translocation speed is independent of the HPL potentials. The inset of Fig. 3 shows the translocation time history, which clearly shows faster translocation process with higher hybridization rate. According to Ref. 10 DNA hybridization rate is ϳ10 s −1 for diffusion limited 16 base ssDNA. For ssDNA confined in nanopore, a higher hybridization rate of 50 s −1 is chosen for all cases later.
The translocation kinetics also largely depends on the applied external electric field strength. At low electric field, the electric force itself is not enough to drive a PC-DNA For a MM-DNA, due to the all-or-none selectivity of HPL-DNA, the potential well depth remains constant during translocation. Under such circumstances, the HPL coated nanopore behaves like a bare nanopore with a blocking or passing property. The resulting translocation speeds at different E-field strengths are plotted in Fig. 5 . The predicted translocation speeds agree well with empirical date at high E-field of 200 mV ͑inset to Fig. 5͒ , but have significant difference at low E-field of 100 mV. This indicates that interactions other than hybridization and electrical force dominate translocation at the low voltage regimes.
Comparing Figs. 4 and 5, it should be noted that a particular range of E-field exists for best signal distinction between PC-DNA and MM-DNA. At very low E-field, though the translocation speed of PC-DNA is much larger than MM-DNA, the signal strength would be weak. At very high Efield, there would be no significant speed difference. The upper limit of applied E-field is determined by the ratio ␤ = Eq / ͑k 0 2 / ͒. If ␤ ӷ 1, even MM-DNA can easily pass through HPL sites which leads to small translocation velocity difference between MM-DNA and PC-DNA. The critical condition ␤ = 1 corresponds to an applied E-field of 5 mV/ nm. Ideally, a voltage range between 2.5 and 5 mV/nm should be applied to achieve a strong and distinctive signal for PC-DNA and MM-DNA.
In summary, we have developed an energy-based mesoscale model for DNA translocation in a functionalized nanopore. The model predicts a nonlinear relationship between PC-DNA translocation speed and electric field strengths, which is consistent with experimental observations. For MM-DNA, a blocking or direct-pass behavior is observed, which is determined by critical electric field strength. Such mesoscale model can serve as a predictive tool for determining optimized operational parameters such as electric field strength, nanopore size, surface properties etc., for DNAnanopore devices. 
